Introduction
Most recent climate model simulations of monsoon regimes usually include the relevant regional precipitation features, in addition to aspects of interannual variability and teleconnections (e.g. Chandrasekar and Kitoh, 1998; Meehl and Arblaster, 1998; Lau and Bua, 1998; Soman and Slingo, 1997, Ju and Slingo, 1995; Yang et al., 1996; Loschnigg et al., 2003; Arritt et al., 2000 ; Cavalcanti et al., 2002; Marengo et al., 2003; Taylor and Clark, 2001; Douville et al., 2001, Céron and Guérémy, 1999 ) . However, shortcomings remain in most climate model simulations of monsoon regimes (Gadgil and Sajani, 1998; Kang et al., 2002) .
The purpose of this paper is to document aspects of regional monsoon regimes in the CCSM3. At a horizontal resolution of T85, this global coupled ocean-atmosphere model is compared with the atmosphere alone (uncoupled) model forced with observed sea surface temperatures (SSTs) to examine the influence of coupling on the regional monsoons. A comparison of the T85 and T42 atmosphere only model demonstrates the influence of improved resolution on the monsoon simulations.
runs when high-frequency daily output is required to assess intraseasonal variability and seasonal monsoon evolution.
We will compare monsoon simulations in the coupled T85 CCSM3 to AMIP simulations with the CAM3 at T85 resolution to examine the effects of ocean-atmosphere coupling on the monsoon regimes, and also with the AMIP T42 resolution model (gridpoints roughly every 2.8°) to document the changes in monsoon simulations with the increase in resolution. Global scale seasonal features of the hydrological cycle that encompass the planetary scale monsoon are described for the CCSM3 by Hack et al. (2005a) .
Observed data used in comparing to the model simulations include 850 hPa winds from the NCEP-NCAR reanalyses and gridded CMAP precipitation from Xie-Arkin (1996) , both for the period 1979-2000 to be consistent with the duration of the AMIP simulations. Fig. 1 shows the observed climatological seasonal mean precipitation and 850 hPa winds for the south Asian monsoon (Fig. 1a) compared to the CAM3 T42, CAM3 T85 and the T85 CCSM3. The major features, such as the Somali Jet and strong cross-equatorial flow in the western Indian Ocean, the southern ITCZ, and a precipitation maximum over Bay of Bengal extending north over India and across Southeast Asia, are represented in all the model versions. However, the details of the regional simulations are model dependent.
South Asian monsoon
In particular, the CAM3 at both T42 and T85 simulates excessive precipitation in the eastern Arabian Sea, and a Bay of Bengal precipitation maximum that is shifted to the west of the observed maximum. The southern ITCZ precipitation maximum near 5S is present in both the T42 and T85 versions, but is about 30% too strong. The CAM3 versions at both T42 and T85 also simulate excessive precipitation over the Arabian Peninsula. Additionally, the precipitation maximum in the South China Sea is not wellsimulated at either T42 or T85 in the CAM3 runs.
Comparing the T42 and T85 CAM3 simulations, the rain maximum over the Western Ghats is better-represented at T85, as is the rain shadow in their lee and the precipitation minimum over Sri Lanka. This is a direct consequence of the higher resolution at T85 being better able to resolve the Western Ghats and their associated effects on circulation (e.g. Xie et al., 2005) . The excessive precipitation over China near 30-35N is also reduced at T85 due to the better resolved topography of the Tibetan Plateau. The anomalous precipitation over the Arabian Peninsula is also somewhat reduced (but still present) at T85 compared to T42.
Comparing the T85 CAM3 simulation in Fig. 1c to the T85 CCSM3 in Fig. 1d , a number of improvements are readily apparent. The anomalous precipitation over the Arabian Peninsula in the CAM3 has now disappeared for the most part in CCSM3, and the excessive precipitation over the Arabian Sea in CAM3 has also been greatly reduced in CCSM3. As a partial consequence of this latter effect, the rain shadow in the lee of the Western Ghats over southeastern India is much closer to observed in CCSM3, and the Bay of Bengal rainfall maximum has shifted to the northeast in closer agreement with the observations. Additionally, the CCSM3 now shows a precipitation maximum in the South China Sea where none was apparent in the CAM3 simulations. Some of these improvements occur as a direct consequence of the thermodynamic air-sea coupling in the Arabian Sea, Bay of Bengal, and South China Sea which is not present in the AMIP runs.
There are some features that are not well-simulated in CCSM3. For example, the southern ITCZ near 5S is not well-represented in CCSM3 compared to observations, though the T42 and T85 AMIP versions both overestimate precipitation in this region.
In CCSM3, a contributing factor to the reduction of precipitation is the anomalously cold SSTs there in the coupled model (Large and Danabasoglu, 2005) .
Problems have been previously identified in simulating the North Pacific-East Asian monsoon in AMIP simulations (Wang et al., 2004) . They suggested that dynamic air-sea coupling could improve the model simulation of the monsoon precipitation and circulation in that region. Fig. 1b and 1c show, for both resolutions in CAM3 in the AMIP configuration, a poor simulation of the East Asian monsoon compared to the observations in Fig. 1a . The simulated southwesterly flow over the South China Sea, turning to more southerly onshore flow over east Asia, is only about 25% the magnitude of the observed surface winds, contributing to much less than observed precipitation over the South China Sea and eastern Asia.
The strength and direction of the low level winds in the South China Sea region in the CCSM3 (Fig. 1d) is considerably improved compared to the AMIP versions, with a simulated precipitation maximum as seen in observations in that area that was not present in the AMIP versions. However, as in the AMIP configurations, the low level winds north of about 20N are too easterly, thus cutting off the South China Sea moisture source and contributing to less than observed precipitation over inland areas of east Asia. Thus, To illustrate the timescales of south Asian monsoon season rainfall, spectra for an areaaveraged precipitation index for the JJAS season from 5-40N, 60-100E (Meehl and Arblaster, 2002) are shown in Fig. 3 . For the relatively short time series shown for the CMAP data in Fig. 3a there are no significant maxima, but there is a relative peak between 2-3 years at the timescale of the tropospheric biennial oscillation (TBO, Meehl, 1994) . Meehl and Arblaster (2002) showed that if monthly data are used to compute the spectra, a more significant TBO peak appears for the observations during the 1979-1999 time period, though the relative strength of the TBO and ENSO signatures in south Asian monsoon precipitation can vary over time (Webster et al., 1998) . For the CAM3 simulations at both T42 and T85, there are relative TBO and ENSO maxima that range from about 2 to 4 years for T42 and 2 to 8 years in T85, with a significant peak in the latter (generated with the longer time series) at about five years. Though there are short time series from the AMIP simulations, the fact that the variance spectra are different in going from T42 to T85 (both use the same SSTs to force the model) suggests that there are resolution-dependent aspects of the timescales of monsoon precipitation variability.
A similar result was seen for resolution-dependence in climate sensitivity (Hack et al, 2005b ).
For the T85 CCSM3 in Fig. 3d , the longer time series of 200 years provides a better resolution of timescales and shows significant TBO maxima in the 2-3 year time scale, as well as at ENSO timescales in the model of 3 to 6 years. There is also a significant multidecadal peak near 13-15 years that is likely associated with Indo-Pacific decadal variability (Meehl and Hu, 2005) .
South Asian monsoon intraseasonal variability
Intraseasonal variability of the south Asian monsoon is not well-simulated in CCSM3, consistent with similar problems at this timescale in previous versions of the model (e.g. Sperber et al., 2004) . Wavenumber-frequency variance spectra from observed data exhibit maxima at the 30-60 day Intraseasonal Oscillation (ISO) timescale with eastward propagating zonal wavenumbers 1-3 for both outgoing longwave radiation (OLR) and 850 hPa winds ( Fig. 4a and 4b , respectively). This timescale of variability is thought to be the primary driver of observed active/break periods of the monsoon (Krishnamurthy and Shukla, 2000; Lawrence and Webster, 2002) . In the CCSM3, wavenumberfrequency variance spectra of precipitation and 850 hPa wind fields do not exhibit any prominent peaks in the ISO timescale ( Fig. 4c,d ).
The absence of a reasonable ISO in the CCSM3 is not surprising. compared to the AMIP version with CAM3-it is poorly simulated in both.
South Asian monsoon teleconnections
It has been well-established in observations that the south Asian monsoon is negatively correlated with SSTs and precipitation in the tropical Pacific (e.g. Rasmusson and Carpenter, 1983; Meehl, 1987) . This relationship has been simulated in previous model versions (e.g. Meehl and Arblaster, 1998) and several studies have indicated the importance maintaining coupled feedbacks in order to reproduce this relationship (e.g., Kirtman and Shukla, 2000; Wu and Kirtman, 2003) . The correlation in the T85 CCSM3
of the south Asian area-averaged interannual precipitation index (defined above) with precipitation ( Fig. 5a ) and surface temperature ( (Webster et al., 1999; Saji et al., 1999) with negative correlations in the western Indian Ocean, and opposite-sign correlations in the eastern Indian Ocean in Fig. 5b . This is also considered to be an inherent part of the TBO (Meehl and Arblaster, 2002; Loschnigg et al., 2003) that grows to maximum amplitude in November (not shown).
Connections to the tropical Pacific also are related to the simulation of El Nino-Southern
Oscillation ( It also has been documented in the observations of the TBO that a strong south Asian monsoon tends to be followed by a strong Australian monsoon during the subsequent DJF (termed DJF +1 here) as shown by Meehl (1987; 1997) , Ogasawara et al. (1999) , and others. Fig. 5c shows the observed correlation between Indian monsoon rainfall and the DJF +1 surface temperature. In Fig. 5c , the Indian Ocean Dipole of October-November noted in the studies above leads to correlations of all negative sign in Fig. 5c in the Indian Ocean, with negative sign correlations still remaining in the tropical Pacific. The CCSM3 in Fig. 5d shows elements of the observed pattern in fig. 5c , with only the remains of the Indian Ocean Dipole (almost all the Indian Ocean with negative values and only a small area of positive correlations just northwest of Australia). As in the observations in Fig. 5c , negative correlations remain in the tropical Pacific in the CCSM3
in Fig. 5d . Thus, the observed tendency for a strong south Asian monsoon to be followed by a strong Australian monsoon is relatively well-simulated in the CCSM3. The
Australian monsoon is discussed further below. 
The Australian monsoon

The West African monsoon
The regional precipitation and 850 hPa wind vectors for the West African monsoon are shown in Fig. 7 for the observations, the T42 and T85 AMIP runs, and the T85 CCSM3.
All the model versions reproduce the observed surface westerlies extending from the tropical Atlantic across to central Africa between about 5-10N, with associated regional monsoon precipitation maxima. The AMIP versions of CAM3 at T42 and T85 both simulate the Atlantic ITCZ precipitation maximum that extends somewhat into west Africa, though all the model versions simulate a precipitation maximum near 10-15N and the Greenwich meridian that is not present in the observations. This is a product of the northward-shifted extent of monsoon rainfall, and the formation of a stronger-thanobserved surface cyclonic circulation in that region. The regional rainfall maximum over Nigeria tends to be shifted eastward into central Africa in all the model versions.
A typical shortcoming in simulations of African precipitation during the time of the west African monsoon is the inability to reproduce the regional rainfall maximum over the Ethiopian highlands in the eastern part of the continent. This is seen in Fig. 7b for the T42 AMIP version. For both the T85 AMIP and T85 CCSM3, the rainfall maximum extends much farther east than in the T42 version, indicating that better-resolved topography at T85 contributes to an improved rainfall simulation in this region, though the rainfall maximum still does not extend far enough east compared to observations.
Evidence of simulated warmer-than-observed SSTs in the Gulf of Guinea is shown in the T85 CCSM3 with greater-than-observed rainfall occurring over the ocean (Fig. 7d) . This systematic error of not being able to adequately represent the Atlantic equatorial cold tongue has been shown to have significant consequences due to its importance in simulations of the West African monsoon (Okumura and Xie, 2004) . African easterly waves (AEW) appear as a prominent 3--5 day period peak in variance spectra of observed 850hPa meridional wind (Albignot and Reed, 1980) . In CCSM3,
there is a spectral peak in the 850hPa meridional winds but it is at 5-9 day periods rather than 3-5 day periods (not shown) and is not accompanied by a corresponding spectral peak in precipitation, even near the Gulf of Guinea coast where observations suggest that the link between AEWs and precipitation is strongest.
The North American monsoon
There has been some debate over the years as to whether the summertime precipitation maximum over northern Mexico and the southwestern U.S. can be classified as monsoonal, with studies performed to document the monsoon characteristics of that region (e.g. Meehl, 1992; Douglas et al., 1993) . More recent work has established the North American monsoon as a regional monsoon regime with characteristics in common with other monsoons around the globe (e.g. Adams and Comrie., 1997; Higgins et al., 1999) , with adequate simulations in global coupled models (Arritt et al., 2000) and mesoscale models (Xu et al., 2004) . (Fig. 9c) , the precipitation maximum is confined to western Mexico and more clearly tied to the topography of the Sierra Madre, while precipitation amounts over the central U.S. are closer to the observed. For the T85 CCSM3 (Fig. 9d) , there are even more improvements, with the western Mexico precipitation maximum reduced from the T85 AMIP run in Fig. 9c to bring it in closer agreement with observations, and monsoon rainfall that extends farther north along the Gulf of California than in the AMIP runs.
The upper level high over southern North America is associated with easterlies at 200 hPa over southern Mexico of nearly 5 m sec -1 , which is about 25% stronger than observed (not shown).
South American monsoon
Warm season rains in South America have been shown to have a number of monsoonlike features including low level cross equatorial flow with associated moisture transport and a poleward extension of rainfall into sub-tropical regions (Zhou and Lau, 1998; Chou and Neelin, 2001; Barros et al., 2002) . The observed features of the South American monsoon during DJF (Fig. 10a) , namely low level onshore easterlies over northeastern South America shifting to northwesterlies to the east of the Andes, and precipitation maxima in the southern Amazon Basin with an extension of rainfall into southeastern Brazil, are represented in all the model versions in Fig. 10 . The effects of the betterresolved topography at T85 versus T42 are readily apparent in comparing Fig. 10b and   10c . The low level northwesterlies extend further to the southeast and improve the simulation in the monsoon region in the higher resolution model.
All the model simulations underestimate precipitation in northern coastal Brazil and
French Guiana, and produce too much precipitation in the northeast of Brazil. These errors are seen in many GCMs (e.g., Cavalcanti et al., 2002; Zhou and Lau, 2002) , which suggest that common features of the models such as resolution or observed SST may be important factors. The errors appear to be reduced in the T85 AMIP simulation. For example, the intensity of the Atlantic ITCZ is improved, though still weak compared with
observations. Yet in the coupled model, the SST systematic error noted earlier for the West African monsoon (tropical Atlantic SSTs warmer than observed) affects the CCSM3 coupled simulation in Fig. 10d as well. The Atlantic ITCZ precipitation maximum lies mostly south of the equator in Fig. 10d (as opposed to north of the equator in the observations in Fig. 10a Average zonal wavenumber-frequency variance spectra for a number of observed (OLR and 850-mb zonal wind) and model fields (Precipitation and 850-mb zonal wind). Individual variance spectra are calculated from 182-day summe anomaly timeseries (MJJASO) for each year (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) and for each latitude within the 10 o -20 o N latitude band. individual spectra are then averaged to generate the final variance spectra shown here. 
